Abstract-In this work, a robust thresholding algorithm framework based on reconstruction and dimensionality reduction of the three-dimensional (3-D) histogram is proposed with the consideration of the poor anti-noise performance in existing 3-D histogram-based segmentation methods due to the obviously wrong region division. Firstly, our method reconstructs the 3-D histogram based on the distribution of noisy points which reduce its segmentation performance. Secondly, we transfer the region division in 3-D histogram from eight partitions into two parts, thus reducing the searching space of threshold from 3-dimension to 1-dimension, which saves a lot of processing time and memory space. Thirdly, we apply the presented framework to global thresholding algorithms such as Otsu method, minimum error method, and maximum entropy method and so on, and propose corresponding robust global thresholding algorithms. Finally, segmentation result and running time are given at the end of this paper compared with those of 3-D Otsu's method, Otsu method, minimum error method and maximum entropy method. The experimental results show that the presented method has better anti-noise performance and visual quality compared with the above four approaches, and has lower time complexity than 3-D Otsu's method.
I. INTRODUCTION
Image segmentation technique is widely used in the field of computer vision, pattern recognition and medical image processing and its purpose is to extract interested objects from complex background for further scene analysis and objects recognition [1] [2] . Various methods for image segmentation have been developed so far [1] [2] . Among them, automatic threshold algorithm becomes the most effective and popular technique in the field of image segmentation for its simpleness, effectiveness and understandability [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Its applications are such as document image processing [3] [4] [5] [6] , crack image detecting [7] , and cell image segmentation [8] , and so on.
In Ref.
[2] Sezgin et al. categorized the existing thresholding methods into six groups according to the information they are exploiting: histogram shape-based methods, clustering-based methods, entropy-based methods, object attribute-based methods, the spatial methods and local methods. Among them, the classic thresholding approaches include Otsu method [9] , maximum entropy method [10] and minimum error method [11] . There are increasing literatures for the above three methods in recent decades. For example, after researching and analyzing 30 kinds of global thresholding methods, Sezgin et al. pointed out in their review that minimum error scheme had the best segmentation performance [2] . Using relative entropy theory, Fan et al. analyzed the minimum error method, which laid the theoretical basis of this method [12] . In processing defective images, Ng found that there were some misclassifications for Otsu method [7] . It is usual that the optimal threshold value exists at the valley of two peaks or at the bottom rim of a single peak. Using this character, Ng proposed a valley-emphasis Otsu method [7] .
For those multi-modal distributed images, several multilevel thresholding algorithms [13] [14] [15] [16] were presented based on above classic global thresholding methods. In the researching of segmenting document images, due to uneven illumination, smudge, shadow and other factors, researchers used all kinds of pre-treatment technology to eliminate these interferences on images and then threshold those pretreated images with Otsu method [3] [4] . Some researchers divided the image into several regions intelligently according to the character distribution feature in document images and then segmented every block by Otsu scheme [5] . Other researchers divided an image into several regions directly without prior knowledge and then binaries every part using Otsu approach [6] . All above mentioned global thresholding algorithms are based on 1-D histogram, which have poor anti-noise performance. In order to overcome this drawback, researchers introduced 2-D histogram based global algorithms combined with the neighborhood mean information [17] [18] [19] . For better segmentation performance, 3-D histogram based algorithms are proposed combined the neighborhood median information with the 2-D histogram based global methods [20] [21] .
Considering the wrong region division of the 3-D Otsu fast recursive algorithm in Ref. [21] , coupled with its time-consuming character, resulted in the robustness of this method is still weak. In order to overcoming the poor anti-noise performance, this work proposes a robust thresholding algorithm framework based on reconstruction and dimensionality reduction of the 3-D histogram. In this paper, we firstly indicate and correct the wrongly regions partitioning of the 3-D histogram based scheme. And then improve the anti-noise performance using reconstructing 3-D histogram, and reducing the time complexity by dimension reduction. Finally we apply the proposed framework to global thresholding algorithms such as Otsu method [9] , maximum entropy [10] , and minimum error method [11] and so on, and present corresponding robust thresholding algorithms. Extensive experiments are implemented and results show that our presented robust schemes have better anti-noise performance and visual quality than the above four approaches, and has lower time complexity than 3-D Otsu's method.
The remainder of this paper is organized as follows. Section 2 reviews the 3-D histogram based thresholding theory. Section 3 proposes a robust thresholding framework based on reconstruction and dimensionality reduction of the 3-D histogram. Simulation results of the proposed framework applied to Otsu method, minimum error method and maximum entropy method and the performance comparison with corresponding original thresholding methods and the 3-D Otsu scheme are shown in section 4. Finally conclusions are given in section5.
II. THREE DIMENSIONAL HISTOGRAM BASED
THRESHOLDING THEORY Given a gray image with level L, the gray value at pixel (x, y) is denoted by f (x, y). The mean and median value in a k×k neighborhood around each pixel (x, y) are denoted by g (x, y) and h (x, y) respectively.
The mean value g (x, y) is defined as 
. 
The median value h (x, y) is defined as 
where, {3,5, 7, } k ∈ L , and in Eq. (2) {} med is a median filter.
The gray level of a pixel, together with its neighborhood mean and median value, constitutes a triple ( , , ) f g h . All the triples of an image define a 3-D histogram within a cube size of L L L × × as shown in Fig.1 (a) . The algorithm in Ref. [20] was proposed based on this 3-D histogram. For each pixel, the three elements corresponding a triple ( , , ) f g h are very close to each other, so all triples in the 3-D histogram are distributed in the direction of the body diagonal OM within a small cylinder. s t q , the 3-D histogram is divided into eight small cube regions. Therefore region 0 and 1 can be viewed as background and object respectively or vice versa, and regions 2-7 as edge information and noise points. In most case, the border region pixels account for a very small fraction of pixel points in an image, so the probability of those pixels in regions 2-7 can be approximately assumed negligible. Finally, the best threshold vector (s * , t * , q * ) can be calculated using Otsu criterion [9] . Let th= s * + t * + q * , and the object binary image bin (x, y) can be obtained by the following equation.
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III. ROBUST THRESHOLDING FRAMEWORK

A. Drawbacks of the 3-D Otsu Method
Definition 1 In 3-D histogram, the segmentation planes are defined as a series of planes which are perpendicular to the body diagonal and divide the 3-D histogram into background and foreground two parts respectively. Definition 2 The segmentation plane which the optimal threshold point is on is defined the thresholding plane in 3-D histogram.
We can find that in Eq. (3) (1) It is unreasonable to neglect 2-7 regions. Because most of edge and noise points are located in those regions away from the body diagonal, neglecting 2-7 zones results in losing large amount of edge information. Though there are far less pixels in those regions than in background and foreground zones, this negligence will still affect the accuracy of image segmentation.
(2) The treatment to noise is non-uniform and the antinoise performance is very poor. There are still large amount of noise in regions 0 and 1 and 3-D Otsu method does not treat them effectively.
Especially when an image is noisy and the noises are random distribution, all of this result in that some noise in object region are located in background area in 3-D histogram (the side with the boundary of thresholding plane and close to original point shown in Fig.2 ), others in background region are located in object area in 3-D histogram (the side with the boundary of thresholding plane and away from original point shown in Fig.2 ). The direct sequence is that increases the complexity of postprocess.
In addition, after obtaining the optimal threshold when segmentation process is performing the areas to be processed contain 8 regions in whole 3-D histogram which results in much amount of salt and pepper noise in the binary image. That is to say, some noise points belong to background area which are at the side with the boundary of thresholding plane and close to original point, are misclassified into foreground region, resulting in salt noise in black background in binary image. Others belong to foreground area which are at the side with the boundary of thresholding plane and away from original point, are misclassified into background region, resulting in pepper noise in white foreground in binary image.
Three dimensional histogram based Otsu method fully takes into account the spatial neighborhood mean and median information, but the anti-noise performance of this method is still very poor. Thus, it is very necessary to correct some triple points in 3-D histogram by reconstruction for improving the poor anti-noise performance.
(3) High time complexity. Because the dimension of 3-D Otsu method is very high and its time complexity is 3 ( ) O L , it is very necessary to decrease the time complexity and improve the real-time performance by dimensionality reduction.
B. Solution
Through the above analysis, this paper proposes the following solution:
( 
C. Three Dimensional Histogram Reconstruction
Edge pixels, noisy points and pixels near to them are usually located in those areas away from the body diagonal. Eight areas of the 3-D histogram are shown in Figure 3 . Edge pixels, noisy points and pixels near to them are usually located in those areas away from the body diagonal. Eight areas of the 3-D histogram are shown in Figure 3 .
Definition 3 Supposed the triple at pixel ( , ) 
Analysis in detail of every area is as follows: (1) Region 0: Gray value, mean and median are small simultaneously and very close to each other, so this area is background region.
(2) Region 1: Gray value, mean and median are large simultaneously and very close to each other, so this area is foreground region.
(3) Region 2: Mean and median are large simultaneously and close to each other, which are larger than gray value, so the relationship among them is ( , ) Close g h f f . This pixel is a noisy point in the foreground region, thus the gray value needs to be corrected.
(4) Region 3: Mean and median are small simultaneously and close to each other, which are smaller than gray value, so the relationship among them is ( , ) Close g h f f . This pixel is a noisy point in the background region, thus the gray value needs to be corrected.
(5) Region 4: Gray value and median are large simultaneously and close to each other, which are larger than mean, so the relationship among them is ( , ) Close f h g f . This pixel locates in foreground region and is not a noisy point, but there are some noisy points near to it, thus the mean needs to be corrected.
(6) Region 5: Gray value and median are small simultaneously and close to each other, which are smaller than mean, so the relationship among them is ( , ) Close f h g f . This pixel locates in background region and is not a noisy point, but there are some noisy points near to it, thus the mean needs to be corrected.
(7) Region 6: Gray value and mean are large simultaneously and close to each other, which are larger than median, so the relationship among them is ( , ) Close f g h f . This pixel is an edge point near to background region, thus the gray value and mean need to be corrected.
(8) Region 7: Gray value and mean are small simultaneously and close to each other, which are smaller than median, so the relationship among them is ( , ) Close f g h f . This pixel is an edge point near to foreground region, thus the gray value and mean need to be corrected. Figure 4 shows polygon image and its 1-D and 3-D histogram. We can find that triple points in this 3-D histogram distribute along the body diagonal direction. ① For situation (1) and (2), it needs not any correction. ② For situation (3) and (4) 
According to above criterion the corrected 3-D histogram of noisy polygon image is shown in Figure 6 We can find that this histogram redistributes along the body diagonal direction. 
D. Three Dimensional Histogram Reduction
After reconstruction of the 3-D histogram, all triple points will redistribute along the body diagonal direction, which reduces noise interference. As shown in Figure 6 , it is clearly find that those triple points on a same segmentation plane are very close to the center point, i.e. the intersection between the body diagonal and the segmentation plane. Because the distribution of these points is concentrated, it is reasonable to measure these points on a same segmentation plane with the distance from original point to this segmentation plane. For each point in 3-D histogram, projecting it on the body diagonal OM and the projection distance is d, then the original triple point ( , , ) f g h can be represented by this projection
. And each corresponding segmentation plane can be expressed by the function:
f g h C + + = , where C is a constant. So the objective of the proposed algorithm is to calculate the optimal threshold 
In the triangle Rt ONB Δ , ( )
So, the response value is expressed by: It is very essential to filter image using median filter for ( , ) dis x y again. And then global thresholding methods such as Otsu method [9] , maximum entropy method [10] , minimum error method [11] and so on, are implemented to calculate the optimal threshold 
.
The time complexity of the proposed algorithm is
, so our method is higher real-time performance than 3-D Otsu method.
IV. RESULTS AND DISCUSSION
In the experiments, seven methods, Otsu method [9] , maximum entropy method [10] for short MaxEntropy, minimum error method [11] for short MinError, the proposed corresponding robust global thresholding methods ROtsu, RMaxEntropy, RMinError, and 3-D histogram fast recursive method [21] V. CONCLUSION Considering the obviously wrong region division in three dimensional histogram and the poor anti-noise performance in existing three dimensional histogram based segmentation algorithms, a robust thresholding algorithm framework based on reconstruction and dimensionality reduction of the three dimensional histogram is proposed in this paper. Our scheme increases the anti-noise performance by reconstructing three dimensional histogram and improves the segmentation accuracy by fully taking into account all the information points in the three dimensional histogram. In addition, our method has very low time and space complexity. Because the proposed approach transfers the region division in 3-D histogram from eight partitions into two parts, thus reducing the searching space of threshold from three dimensions to one dimension. This is an effective and efficient global thresholding algorithm framework. We have successfully applied the presented framework to some classic global thresholding methods such as Otsu method, maximum entropy method and minimum error method, which improved the robustness of the segmentation performance.
